We have designed a method for testing the quality of multidecadal analyses of SST 10 in regional seas by using a set of high-quality local SST observations. In recognizing that 11 local data may reflect local effects, we focus on dominant EOFs of the local data and of the 12 localized data of the gridded SST analyses. We examine patterns, and the variability as well as 13 the trends of the principal components. This method is applied to examine three different SST 14 analyses, namely HadISST1, ERSST and COBE SST. They are assessed using a newly 15 constructed high-quality data set of SST at 26 coastal stations along the Chinese coast in 16
Introduction 25
Sea surface temperature (SST) is a key parameter for climate change assessments. It is 26 significantly associated with many atmospheric and oceanographic modes, such as Pacific 27
Decadal Oscillation (PDO), El Niño/South Oscillation (ENSO), Indian Ocean Dipole (IOD), 28 etc. (Saji et al., 1999 , Mantua and Hare, 2002 , Yeh and Kim, 2010 . Long-term historical SST 29 data sets have been extensively used as a source of information on global and regional SST 30 trends and variability (Belkin, 2009 Tokinaga et al., 2012) . They found that there were 40 large uncertainties in estimate of SST warming patterns using different SST datasets. Thus, it 41 is also necessary for comparing different SST products over the regional areas in detail. 42
Coastal marine ecosystems yield nearly half of the earth's total ecosystem goods and services 43 (Costanza, 1997) . A study of SST changes in the world ocean with large marine ecosystems 44 revealed that the Subarctic Gyre, European Seas, and East Asian Seas warmed at rates 2-4 45 times the global mean rate (Belkin 2009 ). Recently, Lima and Wethey 2012 using a SST 46 dataset with higher spatial-temporal resolution detected that during the last three decades ~ 47 71.6% of the world coastal locations have experienced a warming trend of 0.25±0.13°C per 48 decade and 6.8% a cooling of -0.11±0.10°C per decade. Increase in SST is especially 49 important in coastal areas due to its strong impact in coastal ecosystems (Honkoop et al., 1998; 50 Burrow et al., 2011; Wernberg et al. 2016 ). Simultaneously, coastal SST is highly influenced 51 by local factors, such as the anthropogenic land-based processes, upwelling currents, fresh 52 water discharge, sea front and local tidal mixing. An accurate analysis of the local SST and its 53 variability is needed for marine ecosystem-based management. Here, we mainly focus on 54 three globally gridded SST datasets, that is, the HadISST1, ERSST, COBE SST (Rayner et al., particularly in early record periods and coastal areas (Huang et al., 2015; Li et al., 2017) . 68
These differences also indicate some uncertainties in these SST analyses. In order to test the 69 validity of these gridded SST datasets along the coast of China, SST records for the period of HadISST, COBE SST or other gridded SST analyses. Therefore, the homogenized long-term 75 SST observations along the Chinese coast can be used for evaluation on these analyses. We 76 study the performance of these gridded SST datasets in the coastal waters by comparing to the 77 homogenized in situ SST records. 78
Thus, the remainder of this paper is structured as follows: Details on the observational and 79 gridded data sets and methodology used in this study are given in Section 2. Section 3 80 introduces the local homogenized SST time series along the Chinese coast (Li et al., 2018) , 81 which is used as a reference to compare to the gridded data sets with. For adding confidence 82 in the quality of this local SST data set, these SST data are compared with an independently 83 constructed local air temperature data. The basic statistics of the local SST-data series are also 84 shown. Section 4 describes the results and comparisons with gridded SST data sets in the 85 Chinese coastal waters. Further discussion and conclusion are given in Section 5. 86
Data and methodology 87

Data source 88
The SST records during 1960-2015 at the 26 sites of coastal hydrological stations along the 89 
The local homogenized SST records along the Chinese coast 117
Currently, more than 100 coastal hydrological stations are operating and monitoring near-118 shore hydrological conditions. Among these stations, only 26 stations have routinely and 119 continuously recorded since 1960, with a percentage of missing data less than 4%, Also, these 120 stations have undergone only a few (five and less) and documented relocations. The locations 121 of the 26 coastal hydrological stations are shown in Fig.1a . Monthly mean SST series were 122 then derived and subjected to a statistical homogeneity test, called the Penalized Maximum T 123 (PMT) test (more details can be found in Li et al., 2018) . Homogenized monthly mean SST 124 series were obtained by adjusting all significant change points which were supported by 125 historic metadata information. These identified break points at each station are displayed in 126 
B. 132
The standard statistics derived from the data in the period of 1960-2015, that is, long-term 133 mean, the standard deviation of annual means and the decadal trends are listed in Table 2 . confidence in the quality of this data set, we compared the new data set to an independent data 156 set of local SAT at 26 nearby local stations. Also, this data set has been homogenized -157 independently of the processing of the SST series. SST and SAT data directly are not 158 compares pairwise, but in terms of the patterns and coefficient time series (PCs) of their 159 empirical orthogonal functions (EOFs). The similarity of the principal components is striking. 160
The first PCs share a correlation coefficient of 0.97, and the second 0.86 ( Fig.A1 ). Thus, the 161 SST series are fully consistent with these SAT series. When this exercise is repeated with 162 CRU TS 3.24.01 instead of the in-situ SAT series, we find a similar consistency (see Fig.  163 SOM-1). The PCs of SAT-CRU also show high correlations of 0.94 and 0.83 with the in situ 164 homogenized SST data is superior to earlier used data on the SST variability and trends along 166 the Chinese coast. 167
Comparison with gridded SST datasets in the Chinese coast waters 168
Given the consistency of the newly homogenized SST series with independent regional SAT 169 data, we use it as a benchmark for assessing the regional quality of the four globally gridded 170 SST data sets in Table 1 . In the following, we name the new data set "Local homogenized 171 SST" as "LH", while the datasets extracted from the gridded SST datasets as "localized 172 analysis data", and use the abbreviation "LA". For instance, LA-HadISST is the SST found in 173
HadISST in the local grid box, which contains the locations in the LH data set. 174
These "localized" time series (LA) of the three gridded datasets, which extend to the full time 175 deviations and the trends, and by calculating from trends, differences (Diff) and the root mean 178 square errors (RMSEs) for the 26 stations (Table 3) . We do this for annual mean values. The 179 fourth dataset, OISST data, covers a shorter time window from 1982-2015 and has a high 180 spatial resolution. It is used in the concluding section for clarifying some additional aspects in 181 the section 5. 182
For summarizing the results, we compute EOFs of the LH and the LAs, as well as for the 183 differences of LH and LAs. The LH data are derived from observational stations, whereas the 184 LA data are representing area values averaged across a grid box. Therefore, the LA data 185 should vary less than the LH data. Possible mismatches between the local LH data and the 186 spatial averages of grid box data in the LAs may be related to small scale effects; however, 187 the usage of EOFs is expected to reduce these truly local specifics, as the first EOFs describe 188 joint co-variations among the 26 elements in both LA and LH data sets. 189
Comparing with HadISST 190
The 56-year mean values of local SST in the analysis LA-HadISST are in all cases higher than 191 at the local stations ( The time series for the two northern sites in the Bohai Sea are shown in Fig. 2 . The sequence 208 of maxima and minima share some similarity, but the trends differ markedly. The LH curves 209 (red lines) exhibit both a steady increase, whereas the LA-HadISST curves (black lines) tend 210 to decline in the first 10-20 years, and to vary at a mostly constant level ( Fig.2a and 2b) . In 211 this case, the "story told" by LH is considerably different than that of LA-HadISST. which may mainly be because of coastal upwelling (the effect of upwelling will be discussed 216 in the Section 5), but also other local effects, including local tidal mixing, ocean front, sea 217 water vertical mixing, and fresh water discharge, etc., but also a weaker trend (0.18 ºC per 218 decade) than in the LA-HadISST (0.35 ºC per decade). 219 
231
The first two EOFs of the LH and the LA data set have similar patterns, namely a uniform 232 sign along the entire coast in EOF1, with similar intensities, and a north-south dipole (Bohai 233
Sea and Yellow Sea vs. East and south China Sea) in EOF2, with a sign change at Station 11 234 (Shipu) ( Fig.3a and 3b ). The two patterns of LH explain less, namely 82.9% of the total 235 variance, than the LA-HadISST EOFs, which go with 92.9%. This may be related to the larger 236 spatial variability in local data compared to gridded data. In EOF1, again the Station 1 237 The time coefficients (PCs) are broadly similar, even if the correlations are not very strong: 241 only 0.84 and 0.42 ( Fig.3c and 3d) . A general warming is associated with EOF1 and mostly 242 stationary inter-annual variability with EOF2. Again, the sequence of maxima and minima is 243 0.2K (Fig. 3d ; this corresponds to a mean difference of 0.04K at the southern stations from 248
Station 11 to Station 26 during that time, and a mean difference 0.04K at the northern stations 249 from Station 1 to Station 10 (Fig. 3b) ). 250
To further study the differences in trends, EOFs were calculated from the difference time 251 series, that is, LH anomalies minus LA-HadISST anomalies at the 26 sites (Fig. 4) . The first 252 two EOFs stand for 31.2% and 27.6% of the variance. These numbers are not very different, 253
and it their closeness may be indicative that the EOFs are degenerate (von Storch and Zwiers 254 1999). These EOFs describe covariations of the differences along long stretches of the coast; 255 in case of EOF1, this is the case for all stations at the southern Station 11 (Shipu), i.e., in the 256
East and South China Sea (Fig.4a ). In EOF2 it is all stations at the southern Station 13 257 (Kanmen), mostly in the Yellow Sea and Bohai Sea (Fig. 4b) . 
Comparing with COBE SST 278
In this subsection, we consider the localized SST derived from the LA-COBE SST data set 279 during 1960-2015. Again, the LA-COBE SST is in almost all sites higher than the local data, 280 namely at 21 out of 26 sites. The differences are up to 3K, and again mostly along the East 281
China Sea coast from Station 11 (Shipu) to Station 20 (Zhelang) (see Table SOM share of 17.5%. The first EOF points to several inhomogeneities, with two prolonged intervals 297 during which LH is higher than LA-COBE SST (say, 1960-1978, and 1995-2005) 
Comparing with ERSST 305
ERSST presents SST on a coarser grid compared to the two cases before, namely 2 o by 2 o . 306
Again, the temperatures given by ERSST, as was the case with the other two analyses, are 307 higher than the temperatures recorded at the local sites along the coast (see Table SOM -2). 308
The differences are up to 4K, and the largest differences are found in the East China Sea from 309
Station 11 (Shipu) to Station 20 (Zhelang). That the differences are in this case even larger 310 than in the other LA cases may be related to the 2 o coarse resolution of ERSST. 311
The variability according to ERSST is quite similar to that of LH, at least in terms of EOFs 312 (see Figure SOM We have mainly examined three global gridded analysis SST data sets in the Chinese coastal 332 waters. For doing so, we have compared a number of statistical properties for 26 coastal 333 hydrological locations as given by the analyses and by a newly digitized and homogenized 334 data set (Li et al., 2018) . For demonstrating the utility of the local data set, we have compared 335 the local SST series (named LH) with independent local homogenized SAT data from nearby 336 meteorological stations. The variations of the two series are fully consistent. Another 337 argument points to the quality of the LA data set is that the differences between LH and the 338 three LAs (localized data from the different global analyses: HadISST1, COBE SST, ERSST) 339 considered are not uniform (except for the time mean); instead the LAs deviate in different 340 ways from LH. If this would not be the case, one could be tempted to argue that the 341 differences are manifestations of inefficiencies of the LH data set. This is not the case. 342
In this study, we found that all of these globally gridded datasets exhibit surface temperatures 343 usually higher than the LH data, especially at the East China Sea. This difference may be 344 caused by two factors. In the China Seas, most of the coastal upwelling currents occur at the 345 East China Sea and the northern South China Sea, other small upwelling currents at the tops 346 of the Liaodong Peninsula and Shandong Peninsula (Figure 1) (Yan 1991) . The consensus of 347 previous studies is that coastal upwelling currents results in cooling SST at these coastal areas 348 (Xie et al, 2003; Guan et al., 2009; Su et al., 2012) . In our study, we find that the in-situ 349
shoreline SSTs at the upwelling areas (e.g. Station 4 (Laohutan), Sation 11 (Shidao) and 350
Station 18 (Dongshan)) are always colder than global gridded SST data, with the value of 351 below -1K (Table 2, Table 3 and Table SOM1 ). 352
We hypothesize that these negative differences are connect with coastal upwelling. To test this 353 hypothesis, we examine the output of a numerical simulation of the currents in the South 354 Model (HYCOM) that is exposed to periodic climatological atmospheric forcing, with a fixed 357 annual cycle but no weather disturbances. The atmospheric forcing comes from the 358
International Comprehensive Ocean-Atmosphere Data set (ICOADS). We extract simulated 359
SSTs at three different distances (near the station, 50km, and 100km from each coastal 360 hydrological station in South China Sea). Fig.7 shows that most shoreline SSTs are lower than 361 ambient offshore SSTs, especially SSTs at 100km from shoreline. However, the Stations 22 362 (Beihai) and Station 23 (Weizhou) are not affected by coastal upwelling, and consistently, 363 there are no notable differences among SSTs at three different distances from the two stations. 364
The result reflects that the homogenized SST data set for shoreline stations catch this relative 365 cooling water effect of the regional upwelling currents. On the other hand, the global gridded 366 SST datasets point to higher temperatures which may be caused by their coarse resolution. 367
The differences are largest in the case of the coarsest analysis (ERSST), but weakest in the 368 OISST analysis with a resolution of a quarter of a resolution degree ( Fig. 8 ; see below) (Note 369 that the difference LH minus LA-OISST is restricted to the warmer episode 1982-2015). 370
Meanwhile, the lack of near-shore observations when compiling near-shore box averages in 371 coastal areas may also cause these differences (Wang et al., 2018 , 2000) . In them, the shallow water shelf front and estuarine plume front are two major 375 fronts in the Bohai Sea and the Yellow Sea at summer. Coastal current front, upwelling front 376 as well as strong westerly boundary current usually appears in the East China Sea and the 377 South China Sea which may also be rleatd to coastal upwellings. 378
In summary, our main results are: 379
The LA-datasets cannot catch this cooling effect of the regional upwelling currents 382 well. On the other hand, the global gridded SST datasets point to higher temperatures 383 which may be caused by their coarse resolution when averaging in the LA data sets. 384
However, systematic differences would not be expected to influence strongly the 385 overall variability and trends. 386  The first EOF in all data sets stands for a general warming, and the second for 387 interannual variability. This is not only so in the local LH-data but also in all globally 388 gridded-based LA-datasets. 389  In the years following the introduction of satellites in monitoring SST, since abut 1980, 390 the different global analyses converge, and the differences to the local data set become 391 smaller. In support of this, the comparison with the high resolution analysis OISST for 392 the post-satellite time 1982-2015 reveals few differences (not shown, see Fig. SOM-4) . 393  In the years before 1980, some noteworthy differences are found. The differences 394 between the LH-data anomalies and the LA-data anomalies are non-uniform across the 395 different LA data sets. For instance, for ERSST the long-term trends differ, in case of 396 COBE SST several jumps emerge, and in case of HadISST, a jump is found at the time 397 of the advent of the routine satellite data, but also a trend in PC2 of the differences. 398
Thus, our overall conclusion is that the global gridded SST datasets correctly describe the 399 main features of variabilities and trends in regional waters, but that significant improvements 400 in the regional analyses may be gained when quality controlled homogenized data are 401 incorporated. In particular for the time prior to the usage of remote sensing by satellites, and 402 in regions where observational efforts have been limited, such efforts are valuable 403 contributions to climate variability and change studies. Our example should also be an 404 encouragement for national climate services to revisit regional data, and to invest into the 405 elimination of inconsistencies caused by inhomogeneities. There are several projects or 406 researches dedicated quality control and homogenization of in-situ data (Kuglitsch et al., 2012; 407 Hausfather et al., 2016; Minola et al., 2016) . It is useful to keep some high-quality data 408 separate from that available for analyses, for validation activities such as our work and others' 409 work (Hausfather et al., 2017) . 410 The first EOFs of SST and in situ SAT describe an overall warming, with a slight tendency of 538 stronger warming in terms of both SST and SAT in the northerly Bohai and Yellow Sea (Fig.  539 A1a). This pattern is dominant, representing 70.3% and 76.7% of the total interannual 540 variance. The warming is mostly continuous from about 1970 until 2010 (Fig. A1c) . The 541 similarity of the principal componentsexpressed by 0.97 in terms of the correlation 542 coefficientis striking (Fig. A1c) . The second EOFs represent considerably less variance -543 namely about 11.6% (Fig. A1b ). They describe a North-South contrast, and stationary PCs, 544 varying around 0 without prolonged positive or negative excursions (Fig. A1d) . Also the PCs 545 of the second PCs of SST and SAT show a remarkably parallel developmentwith a high 546 correlation of 0.86 (Figs.A1d) . 547
When this exercise is repeated with CRU TS 3.24.01 instead of the in situ SAT series, we find 548 similar consistency (see Fig. SOM-1) . The PCs of SAT-CRU also show high correlations of 549 0.94 and 0.83 with the in situ SST (see Fig. SOM-1) . 550
We conclude that the two data sets are consistent; the first EOFs describe the warming of the 551 recent decades of years; the second EOFs describe interannual variability, and may be 552 influenced by ENSO and other patterns of natural variability. We furthermore conclude that 553 the new description of SST variability and trends at the 26 sites along the Chinese coast 554 presents a reliable account of the past since 1960and thus may serve as a benchmark for 555 assessing global analyses of SST datasets. 
